Absolute values for the removal rates of CH2(ä »AJ by NH3, CH3NH2, CH3OH, HCl, and HF have been determined in the gas phase at low pressures and room temperature. CH2(ä 'AJ was generated by pulsed laser photolysis of CH2CO. The measurements were carried out by observing the laser induced fluorescence of 'CH2 after excitation by a pulsed laser as a function of the time delay between the photolysis and analysis pulses. The overall rate constants were found to be 2.4, 2.4, 2.3, 1.6 and 0.13 • 1014 cm3/mol s, respectively.
Introduction
The insertion reactions of singlet methylene CH2(a A j) (abbreviated as CH2 throughout this paper) into C -H bonds have been investigated in some detail mainly by product analysis. Many mea surements of collision stabilized insertion products have been carried out at different pressures to study unimolecular decomposition reactions of chemically activated aliphatic hydrocarbons [1] , In addition, the reactions of rCH2 with alkanes were studied in the high pressure regime with respect to unimolecular de composition to determine relative insertion rate con stants [2] . More recently, direct determination of rate constants of *CH2 reactions with several aliphatic hy drocarbons and H2 [3, 4] have been performed using laser induced fluorescence (LIF) spectroscopy.
However, direct measurements of the reactivity of xCH2 towards element-hydrogen bonds other than C -H are comparatively rare. In a recent communica tion the results of measurements on the reaction sys tem 'C H 2 + H20 were presented [5] . The scope of the work reported here is to extend direct kinetic investi gation of xCH2 reactivity to the hydrogen bonds of Reprint requests to Prof. Dr. H. Gg. Wagner, Max-PlanckInstitut für Strömungsforschung, Bunsenstrasse 10, D-3400 Göttingen.
the elements nitrogen, fluorine and chlorine. Further more, the reactions of *CH2 with methanol and methylamine were investigated.
Under low pressure conditions the reactions of !CH2 with H2, CH4 and H20 lead to the formation of CH3 [5, 6] , probably by an insertion-decomposition mechanism. By analogy, the reaction of 1CH2 with NH3 should also form CH3 and NH2. Furthermore, a search for primary reaction products of the reaction ^H^ + HF was carried out, because the high bond strength of HF leaves hardly any fragmentation chan nel accessible for the hypothetical insertion product CH3F. These experiments were carried out in a quasistatic gas cell at low pressures using LIF detection of the radicals.
It is known that removal of 1CH2 occurs partly by physical quenching leading to 3CH2 [7] , In order to obtain information about the chemical reactivity of 1CH2 towards a reactant R it is thus necessary to know the contribution of the physical deactivation channel CH2( ä 1A1) + R CH2(X3B!) + R to the total-removal rate of 1CH2. Therefore, the for mation of 3CH2 in the reactions of *CH2 with the reactants NH3, CH3OH and HF was studied in a low-pressure flow-system. 3CH2 was detected by laser magnetic resonance (LMR) absorption in the far infra red spectral region.
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Experimental
The experimental setup employed for the overall rate measurements has been described in detail earlier [8, 9, 10] . Briefly, a mixture of CH2CO with He and the reactant R was photolyzed in a fluorescence cell, which was equipped with capacitance manometers (MKS Baratron, 0-10 Torr) and a gas supply system (Tylan, FC 280, RO 701 FC) providing a slow and constant gas flow. Thus the gas mixture was replaced between two laser shots so that reaction products did not accumulate.
The pulses of an XeCl excimer laser (Lambda Physik, EMG 101) at / L = 308 nm were employed for photolytic generation of methylene in its lowest singlet state with a quantum yield near unity [7, 11] . After a vari able time delay, At, 1CH2 was probed by detecting the LIF after excitation of the transition CH2(b 1B1 0,14, 0 404 «-ä^ 0, 0, 0 414) at / = 590,71 nm [12] with an excimer pumped dye laser (Lambda Physik, EMG 200, FL 3002). By means of a cut-off filter (Schott RG 630) the LIF signals were observed spectrally integrated by a photomultiplier (EMI 9816 QB) and stored by a transient digitizer (Tektronix 7912 AD). After averaging over 32-64 pulses the signals were integrated and processed fur ther with a minicomputer (DEC, PDP 11/34).
The contributions of physical deactivation of 'C H 2 were investigated with an experimental setup similar to that described in [7, 13] . It consisted of a flow system with an intracavity LMR-Spectrometer. A Pyrex pipe of 4 cm diameter was used as flow tube in connection with a photolysis cell of 15 cm length and 4 cm diameter, equipped with a quartz window at one end and a dielectric mirror at the other end. For the LMR experiments with HF the complete Pyrex glass apparatus had to be replaced by a similar quartz flowsystem to avoid blunting of the glass. The glass parts of both apparatus were rinsed with 5% HF solution prior to installation.
The photolysis cell was mounted parallel to the flow tube so that He, CH2CO and the reactant, which were added through two inlets, passed into the LMR ab sorption cell simultaneously. Since the LMR cell was mounted a few cm below the photolysis cell and flow velocities were typically about 20 m/s, the residence time of the reactants usually was of the order of a few milliseconds.
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In these experiments, UV-light pulses for photodissociating the CH2CO were provided by an excimer laser (Lambda Physik, EMG 102) with pulse energy of 160 mJ at / L = 308 nm. The laser usually operated at a repetition frequency of 5 Hz so that no interference of concentration profiles of different laser pulses could occur. LMR-absorption of 3CH2 was monitored with a C 0 2-laser pumped 13CH3OH laser at k = 158 |im and B0 = 0.323 T in 7r-polarization [14] . The static magnetic field was modulated with 6 kHz. The ab sorption signals were detected with a Ge-Bolometer (Infrared Laboratories) and fed into a lock-in amplifier (EGG, time constant 3-10 ms) via a high pass filter (Geitmann, 4 kHz cut-off frequency). 50 to 500 signals were added using a transient recorder (Biomation) and a signal averager (Tracor Northern).
Chemicals with the highest commercial available purities were used without further purification. CH2CO was prepared by pyrolysis of (CH3)2CO and distilled from trap to trap (Tt = 77 K, T2 = 195 K) to purify it to >99%. It was stored at 77 K in the dark and dosed into the cells from a dry-ice cooled bulb during the experiments. Liquid reactants were evapo rated in two stage thermostated saturators with He as carrier gas. HF was directly taken from its thermo stated gas cylinder. Semi-logarithmic plots of the LIF intensity of *CH2 versus time delay At yielded straight lines in the range 3 |is ^ At ^ 8 ps. Signals were not analysed for At < 3 (is, because the probed CH2 level (ä Aj 0, 0, 0 4 14J was populated by collisional relaxation during this period. Since X CH2 was removed very efficiently by most of the reactants, the signal/noise ratio for zf r > 8 jj.s became too low at the highest reactant pressures applied.
First order rate constant kx 0 , when plotted versus reactant pressure /?(R), yielded straight lines with good linear correlation for all reactants. Plots of this kind are presented in Figure 1 . The removal of 'CH2 by He and CH2CO leads to non-zero intercepts on the ordinate. Their values can be calculated from the known values for k3 and k4 [3, 4, 8] , and the results agree well with the experimental data. The slopes of the graphs, which give the second order rate constants, were obtained from linear least squares fits. The second order rate constants are given in Table 1 . The error limits quoted correspond to 2 a, twice the standard deviation of the linear least-squares slopes. For comparison, the rate constants for the reactions of X CH2 with H2, CH4 and H20 taken from [3, 4, 5] are also shown in Table 1 .
Physical Deactivation Rates
The contribution of physical quenching to the total removal of *CH2 was determined by comparison of the LMR absorption intensity of 3CH2 in the presence and the absence of the reactant R under otherwise identical (2), (3) and (4) are competing.
In the data analysis it was assumed that the forma tion of 3CH2 in channel (4 a) can be neglected, because [CH2CO] <1 [He] (see below). Moreover, it was assumed that the photolysis of CH2CO at xL = 308 nm leads exclusively [7, 11] to the formation of CH2 in the singlet state. If these assumptions are not made, the data anal ysis becomes somewhat more involved, but does not cause substantial changes of the results, as is discussed in detail in [15] . Making allowance for k4a/k4 = 0.25, i.e. physical quenching of *CH2 by CH2CO occurring with /c4a = 4 • 1013cm3/mol s [11, 15] , causes a 10 per cent relative increase of all ratios k2a/k2 determined and reported here as well as in [15] . Assuming quantum yields of = 0.9 and 0 3=O.l for the formation of 1CH2 and 3CH2, respectively, leads to a decrease of the ratios k2a/k2 of comparable magnitude. Hence, none of the assumptions can cause a systematic shift of the results which exceeds the experimental error quoted in Table 2 .
The removal rates for 3CH2 by most of the reactants used are much too slow to play a role within the time scale of the experiment. The recombination of two 3CH,-radicals and consecutive reactions of 3CH2 with fragmentation products of reaction channels (2 b) are practically negligible due to the low concentrations. The reaction of 3CH2 with CH2CO has a rate constant of k< 1 • 109 cm3/mol s at room temperature [16] and also does not lead to a substantial removal of 3CH2 in these experiments, since [CH2CO] ^4 • 10" 10 mol/cm3. Thus, the consumption of 3CH2 is mainly due to wall reaction: 3CH2 + wall -♦ products.
The wall removal rate constant is /ew = (15±5) s-1, much slower than the rate of formation of 3CH2. A continuous chemical source of 3CH2 with variable position along the flow system was used to record concentration-time profiles of 3CH2 in the presence of inert gases, and from these profiles the wall removal rate was calculated (more details are given in [13, 15] ). With these premises one obtains the following ex pression for [3CH2]+/[3CH2]" at constant reaction time (t ^ 1 ms) considering reactions (2) to (4) for 3CH2-formation and neglecting removal reactions:
The rates of total removal kT and physical deactivation kD of 'CH , in the presence " + " and the absence " -" of R are as follows: . This is shown in Figure 2 . From the slopes m of the lines the rate of physical deactivation is obtained as k2a = (m + 1) k3. The ratios of physical deactivation to the total removal rates of 'CH 2 determined in this manner are presented in Table 2 .
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In the reaction of 'C H , with NH3, NH2-radicals were identified by LIF. No fluorescence signals of NH2 were observed in the absence of either CH2CO or NH3 in the gas cell, nor did NH2 result from a dark reaction of these components because it was observed only after a photolysis laser pulse. The reaction of 3CH2 with NH3 is too slow to play a role. Concentration profiles of 1CH2 and NH2 were recorded in two consecutive experimental runs at p(NH3) = 0.016 mbar, p (He) = 1 mbar and p (CH2CO) = 4 -1 0 _3mbar to ensure that the reaction condi tions in the gas cell were identical for both profiles. It was confirmed that the excitation line r Q0.n (4) of the transition NH2 (Ä 2AX 0, 10, 0 -X 2Bt 0, 0, 0) near 570.7 nm [17] did not interfere with anyone of the numerous lines of *CH2 in this spectral region.
The profiles of 'CH2 and NH2 shown in Fig. 3 are normalized with respect to the observed maximum fluorescence intensity 7max but not with respect to each Table 1 . It is concluded that NH2 is a primary product of the reaction 'c h , + n h 3. 
has been found to be one of the fastest reactions of 'CH , with kb very close to the rate constants for the removal of 'C H 2 by unsaturated hydrocarbons [18, 19] . The removal of 'CH , by NH3 is mainly due to chemical reaction, whereas the contribution of phys ical quenching is k6a/k6 = 0.30. The NH2-radical was detected as one of the prima ry chemical reaction products. In principle it could arise by direct abstraction or by an insertion-decom position mechanism. There is some reason to prefer the reaction pathway of N -H insertion and sub sequent decomposition of chemically activated methylamine: Chao et al. [20] and Ho et al. [21] have shown by analysis of the collision stabilized product of (6) that in the high pressure regime formation of the inser tion product methylamine CH3NH, is the main path way of (6) . Other products, which could be interpreted as consecutive products from competing reaction steps given below, have been detected only in trace amounts, as reported in [21] . The measured pressure dependence of the yield of CH3NH2 was reproduced by Chao et al. [20] with RRKM-calculations of the unimolecular decay of chemically activated methyl amine. Moreover, NH, is known to be a major prod uct of the thermal unimolecular decomposition of CH3NH, [22] . This follows also from IR-multiphoton excitation under collision-free conditions [23] . Thus, decomposition of chemically activated methylamine is the most probable reaction path to form NH, in (6) .
The following scheme shows that there are fur ther exothermic reaction pathways besides physical quenching and formation of NH2 (thermodynamic data taken from [5, 24, 25] Reaction (6e), however, remains the most exothermic channel resulting from simple bond breaking of [CH3NH,]*, whereas reaction channels (6f) and (6g) require a more complicated rearrangement of the molecular frame and thus probably an additional acti vation energy.
'CH, + CH3NH,
The reaction 'C H ,+ C H 3NH, -prod. (7) allows a comparison of the insertion rates into C -H and N -H bonds. Its rate k7 is identical with k6. No exact determination of the physical quenching rate is available for CH3NH2. It can be estimated in analogy with the quenching rates of NH3, H ,0 , CH3OH and several hydrocarbons [5, 13, 18, 19] that chemical reaction pathways are the major ones in (7). A gas chromatographic investigation of collision stabilized products of (7) yielded (CH3),NH and C ,H 5NH, as major compounds [21] . The results of this product analysis were interpreted in terms of competitive in sertion of 'C H 2 into C -H and N -H bonds followed by unimolecular decay of the resulting chemically activated [C2H7N]* molecule. The ratio of the prod ucts [(CH3)2NH]/[C2H5NH2] was found to be nearly independent of pressure (30^/?/mbar^670) [21] . It corresponds to the statistical ratio 3:2 of the numbers of C -H bonds and N -H bonds in CH3NH2. Thus, the rate constants for 'C H 2 insertion into a methyl H -C and an H -N bond should be nearly equal.
'C H ,+ C H 3OH
The rate constant kR of the reaction 1CH2 + CH3OH -prod. (8) is found to be nearly identical with that of the reac tions of 'C H , with NH3 and CH3NH2, but slightly faster than that with H20 [5] (see Table 1 ). Physical quenching is found to be less effective in the case of methanol, kSa/k8 = 0.13, than in the case of NH3 and H20 [5] .
The products of (8) are known to be CH3OCH3 and C2H5OH [26] [27] [28] . They should result from compet ing 'C H , insertion into C -H and O -H bonds as in the analogous case of CH3NH2. Ogoshi and Takezaki [28] determined C -H insertion to be about 2.5 times faster than O -H insertion. However, their experi ments suffered from a dark reaction of the methylene precursor ketene with methanol. Kerr et al. [26] found by gas chromatographic analysis that the O -H bond of CH3OH was about 22 times more reactive towards insertion of 'C H , than a single C -H bond of the CH3 group. This agrees reasonably well with the result of Ho and Lin [27] , who stated the O -H bond to be about 33 times more reactive. In addition they found that 'C H , inserts into the O -H bond of C2H 5OH 21 times faster than into the primary and 28 times faster than into the secondary C -H bond. It is as sumed here that the results of [27, 26] are correct and that the rate of O -H insertion is about a factor of 25 higher than the rate of C -H insertion for (8).
'C H 2 + HF
The reaction 'C H 2 + HF prod. (9) is found to be slower by a factor of about ten than the reactions of 'C H 2 with NH3, H20 and HCl. The investigation of the physical deactivation channel shows that the physical quenching rate is practically identical with the total removal rate, so that the removal of 'C H , in (9) seems to proceed exclusively via formation of 3CH ,. The following scheme illus trates that there are possibly two thermodynamically allowed product channels, accessible either directly or via fragmentation of an activated CH3F-molecule, formed by insertion of 'C H 2 into the H -F bond: CH2(a 'Aj) + HF CH2(X 3B1) +H F, AHr = -38 kJ/mol, (9a) The thermodynamic data have been taken from [5, 24, 29] , As a consequence of the extraordinary high bond strength of HF, reaction channel (9c) is clearly endo thermic, whereas the analogous reaction channels are exothermic for the reactions of 'C H 2 with CH4, NH3 and HCl and nearly thermoneutral for H20 [5] . A similar situation is encountered for the reaction chan nel (9d).
There is some uncertainty about the heat of forma tion of monofluorocarbene CHF formed in (9e) [29] . Reaction (9e) may be exothermic, or it may be slightly endothermic. With the value AH( (CHF) = (109 +12) kJ/mol, recommended by Lias et al. [29] based on a detailed discussion of recent theoretical and experi mental results, the reaction should be exothermic. Therefore it was checked if CHF could be detected in the reaction mixture by LIF in the spectral region given in [8, 30] , In agreement with the finding that k9a/k9 = 0.98, no LIF signals of CHF could be record ed, even if a pure mixture of CH2CO (p = 0.038 mbar) and HF (p = 0.43 mbar) was used. With the assump tions that the detection limit of CHF given in [8] for the experimental set up used here, and the photodissociation yield for CH2CO, determined in this laboratory under practically identical experimental conditions in [9] , are applicable also in the present experiments, one can estimate an upper limit for k9e, the oc-a elimination of H ,. Assuming further that the reaction CHF(X) + CH2CO prod.
is the most important reaction for the removal of CHF under the conditions applied one obtains the relation:
k9e^0.013 k10. With kl0 = 1.0 • 1014 cm3/mol s as an upper limit, this means that k9e/k9 <0.1. Thus channel (9 a) is the only important exothermic pathway, occurring either directly by collision-induced intersystem crossing or by non-adiabatic decom position of [CH3F]*. Reaction (9 b) should, according to ab initio calculations [31, 32] , occur without any barrier in the reaction coordinate. However, hardly any [CH3F]* can be stabilized under the conditions applied here. The reverse reaction CH3F-> 1CH2 + HF may compete with the non-adiabatic decomposition CH3F-* 3CH2 + HF. This would require k9a k_9b. Another possibility for the low k9 would be that the high H -F bond energy reduces the rate of the inser tion step, as indicated by the results available with other reactants, so that it drops to or below a rate constant for a process which does not proceed via a [CH3F]* complex. In the latter case one may ask why its rate constant is relatively low compared to physical deactivation of *CH2 by other reactants. A decision should be possible as in other cases [15] by experi ments with isotopically substituted reactants.
1CH2 + HC1
The rate of the reaction 1CH2 + HC1 -prod.
is found to be about as fast as the reactions of *CH2 with H20 and NH3 (see Table 1 ). The experiments indicated that the reaction 3CH2 + HC1 -prod.
is also relatively fast, so that the physical quenching rate could not be determined with the technique used here.
The major chemical reaction channel of (11) is as sumed to be insertion of 1CH2 and subsequent de composition of [CH3C1]*. The possible reaction chan nels are given below (with thermochemical data taken from [5, 24, 29] 
HCC1 + H2, AHr = -37 kJ/mol.
All decomposition channels of [CH3C1]* are thermochemically allowed. Reaction (11c) seems to be a logical pathway in the low pressure region, in analogy with the reactions of X CH2 with H2, CH4, NH3 and H20. Experiments about the thermal dissociation of CH3C1 behind shock waves indicate that C -CI bond fission (11c) is the dominating initiation reaction, whereas the elimination of HCl (11a) or H2 (lie) probably do not play a role [33] .
Comparative Discussion of lCH2 Insertion Reactions
The results shown in Table 1 on reactions of *CH2 with hydrogen bearing compounds exhibit some interesting details. Clearly, the reactions of X CH2 with NH3, CH3NH2, CH3OH, HCl and H 20 cannot re quire activation energies because the reaction rates are very close to that for the gas kinetic collision frequency. An exception is the reaction of 'CH 2 with HF, as discussed in Section 4.1.4. The comparatively slow removal rate of *CH2 by CH4 is puzzling. Exo thermic reaction channels are well known, and among the simple hydrids considered here, methane provides the maximum number of insertion reaction sites, i.e. number of hydrogen atoms. Nevertheless, its cross section for removal of *CH2 is the second smallest among the molecules CH4, NH3, H 20 , HCl and HF.
Secondly, there is the finding that insertion of X CH2 into the O -H bonds of CH3OH and C2H 5OH is about 25 times faster than the insertion into the C -H bonds, whereas in the case of CH3NH2 the corre sponding insertion reactions per bond have compar able rates. This is rather surprising if one remembers that insertion into O -H and N -H bonds of the parent compounds H20 and NH3 occurs at about the same rate.
A qualitative explanation of these findings may be derived considering recent experimental [34] and theo retical [31, 32, [35] [36] [37] ] studies on simple ylides. There is agreement between the theoretical and experimental investigations [32, 34] that the methyleneammonium ylide H2C -NH3 is located in a minimum of the CH3NH2 potential energy surface. The activation energy of the ylide-isomerization leading to CH3NH2 is smaller than the dissociation energy necessary to form *CH2 and NH3, as reported in [32] . The con clusion drawn by Pople et al. [32] is, that insertion of *CH2 into N -H bonds of NH3 should occur without activation energy. Thus one may interpret the primary reaction step as "electrophilic attack" of :CH2 on the non-bonded electron pair of NH3, yielding the methyleneammonium ylide, followed by rearrangement to CH3NH2. From this point of view the similarity of the cross sections (about 40 Ä2) for reactions of NH3 and non-saturated hydrocarbons [18, 19] in the removal of *CH2 is explained by analogous interaction forces.
However, theory and experiment do not agree so well about the stability of the methyleneoxonium-and the methylenechloronium-ylide. Ab initio calculations predict no stabilization of *CH2 by ylide formation with HCl [37] , A very small stabilization energy of about 0-20 kJ/mol [32, 35] was calculated for the ylide-formation by *CH2 and H20. No barriers were found for the isomerization of the corresponding ylides to CH3C1 [37] and CH3OH [32] , respectively.
In contrast, the ylide-forms of CH3C1 and CH3OH were shown experimentally to be in a local potential surface minimum. This result was derived by means of neutralization-reionization mass spectrometry [34] . Thus the interaction of *CH2 with H20 and HCl may parallel that with NH3, and an "electrophilic attack" on the lone electron pairs of CI and O by *CH2 may occur. A mechanism of this type has been employed by several authors to explain the results of gaschromatographic product analyses of the reaction of 'C H 2 with alkylchlorides [38] and ethers [39] , and it has also been demonstrated to be plausible in a quan tum mechanical study for the reaction with CH3C1 [40] . Obviously this type of primary reaction step can not occur for the reaction of *CH2 with CH4, since no lone electron pair is available in methane. This may be the reason why the reaction of *CH2 with CH4 is distinctly slower than that with NH3, H20 and HCl.
The case of HF is, here again, somewhat different. Experimental [34] and theoretical [31] studies do agree that an adduct of *CH2 and HF is thermodynamically stable against decomposition and that a certain bar rier, albeit very low, exists for the isomerization reac tion leading to CH3F. However, the results of the ab initio calculations [31] show that this adduct is not a methylenefluoronium-ylide H2C -FH but a hydrogenbonded H2C -HF. Consequently this species would result from a nucleophilic attack of *CH2 on HF. This qualitative difference in the interactions of *CH2 with HF in contrast to NH3, H20 and HCl may cause substantial differences in the cross sections and pro vide a quite natural mechanistic explanation for the rate constants determined in this work.
On the basis of the model of ylide formation by electrophilic attack of *CH2 on lone electron pairs one can understand why insertion into the O -H bond of CH3OH is fast compared to C -H insertion, whereas N -H and C -H insertions are nearly equally fast for CH3NH2. As a result of the electrophilic attack on the oxygen atom by !CH2, leading to oxygen lone pair donation into a vacant orbital on the carbon [35] , the polarity of the O -H bond may be enhanced. This may cause Coulombic attraction forces between the oxygen bonded hydrogen, bearing a partial positive net charge, and the methylene carbon, which acts as electron acceptor. Hence O -H insertion is preferred to C -H insertion in this simple qualitative inter pretation of the ab initio calculations. Since CH3NH2 is a much weaker protic acid than CH3OH, due to the greater electronegativity of oxygen compared to nitro gen, this argument perhaps fails in the case of the ylide formed by *CH2 and CH3NH2. Instead, random at tack of the methylene group may lead to C -H and N -H insertion products in the statistical ratio as observed experimentally.
